Ultrastructural studies of the entry of Chlamydia strain TWAR into HeLa cells showed that the elementary bodies first attach to host cells by the pointed end, secure other binding sites on the host cells by forming cell wall protrusions, enter host cells by invaginating the host cell membrane, and form vacuolated endocytic vesicles. Differences were demonstrated between TWAR and other chlamydiae in the mode of attachment and endocytosis.
A novel Chlamydia agent called TWAR was recently described (5, 7) . It has been shown to be an important respiratory pathogen (5, 9, 10) . Strain TWAR is distinguishable from other known chlamydiae by serology (5, 7) and DNA analysis (1) . In addition, its elementary body (EB) has been shown to have a unique ultrastructure (2) . It is typically pear-shaped, has a large periplasmic space, and contains miniature bodies. In contrast, EBs from the species C. trachomatis and C. psittaci are circular and have little or no periplasmic space (2) . We were interested in learning whether the morphological differences of Chlamydia strain TWAR had a function. This is a report of studies by electron microscopy of the entry of TWAR organisms into HeLa cells.
Inoculation of HeLa cells with TWAR organisms and preparation of infected cells for electron microscopic study were previously described (2, 7) . HeLa 229 cells grown in a 24-well (well diameter, 16 mm) culture plate (Costar, Cambridge, Mass.) were inoculated with HeLa-cell-adapted TWAR strain AR-39 at a ratio of 10 inclusion forming units to 1 HeLa cell. The plates were centrifuged at 900 x g for 60 min at 22°C. Centrifugation is necessary for infecting cell cultures because of the low infection efficiency of TWAR organisms (7) . The inoculated cells were incubated with Eagle minimum essential medium containing 10% fetal calf serum and 0.5 ,ug of cycloheximide per ml at 35°C in a 5% CO2 atmosphere. At 0, 15, and 30 min and 1 and 4 h after centrifugation, the medium was removed. The cell monolayers were gently washed once with Hanks balanced salt solution and fixed with 2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). The cells were then postfixed with 1% OS04 in the culture plate for in situ processing and embedding for transmission electron microscopy. Briefly, the fixed cells were dehydrated by treatment with a series of alcohols and embedded with Epon. Blocks were then cut from selected areas and mounted at a 30°angle to the horizontal plane for thin section (thickness, 60 to 70 nm) to obtain an oblique section through the cell monolayer. The sections were viewed on a JEOL-1OOB electron microscope at 60 kV.
The most frequent site on the organism to make an initial contact with a HeLa cell surface was the pointed end when the organism was cut longitudinally and showed the typical pear shape. Sixteen typical pear-shaped EBs were counted; fourteen of them attached to HeLa cells by the pointed end of the organism (e.g., see Fig. 1A and B). The nucleoid was * Corresponding author.
positioned toward the attachment in these EBs. Of these 16 EBs, 11 were bound to the microvilli (Fig. 1B) and the remain ing 5 were bound to the smooth surface of the HeLa cells (Fig. 1A) . The two in which attachment by the pointed end could not be seen were bound to the microvilli. It is possible that the primary binding site of these two EBs was the pointed end, which was not revealed in the plane of section.
Twenty-nine non-pear-shaped EBs were seen attached to HeLa cells. It is assumed that they were cut across the organisms in a direction that did not show the longest axis with the pointed end. The attachment sites found for these EBs were characteristically pointed. Twenty-four of these EBs attached to the microvilli, and the remaining five attached to the smooth surface of HeLa cells.
We observed 14 EBs that had two or three sites attached to the microvilli (Fig. 1C ) and another 17 EBs that were located at the base of the microvilli and were bound to both the microvilli and the smooth surface of HeLa cells. All except one were non-pear-shaped. The points of attachment were characteristically the tips of cell wall protrusions (arrows in Fig. 1C ) although, infrequently, a stretch of EB outer membrane was seen in approximation to the HeLa cell plasma membrane (arrowheads in Fig. 1D ).
These findings indicate that the binding mechanism of Chlamydia strain TWAR may be different from that of C. trachomatis and C. psittaci, which are bound to host cells by a stretch of EB surface in contact with the host cell plasma membrane (3, 6, 8, 12) . The electron-dense structure on the host cell membrane beneath the entering EB, suggestive of a coated pit structure seen with C. psittaci (6), was not observed for Chlamydia strain TWAR.
The engulfment process is illustrated in Fig. 2 . Figure 2A shows the binding stage. EBs were bound to the host cell membrane by several cell wall protrusions (arrows in Fig. 2A and B; arrowheads in Fig. 2C) . A small microridge (MR and arrowheads in Fig. 2A ) was being formed on the smooth surface of the HeLa cell membrane to engulf the EB. Figure  2B illustrates the internalization process. EBs were seen taken up by the host cell through an invagination process. An EB locating in the recess of the invagination is shown in Fig. 2B . Figure 2C shows the end stage of engulfment or endocytosis. The endocytosis was completed when the opening of the invagination was sealed.
Nine endocytic vesicles containing EBs were examined. Seven of them contained one EB (Fig. 3A to C) , and the remaining two had two EBs (Fig. 3A) . The endocytic vesi- A and B) . Attachment by other sites was also observed with EBs not showing the pear shape. EBs were bound most often to the microvilli (B) and were also bound to the smooth surface of the HeLa cell membrane (A). After the EBs made initial contact with the host cell membrane, the attachment was secured by several binding sites (C). The binding sites on the EBs were typically pointed (arrows in panel C); infrequently, a stretch of the EB outer membrane was seen in approximation to the host cell membrane (arrowheads in panel D). No changes in miniature bodies were seen (arrowheads in panels A and B). Magnifications: A, x50,000; B, x70,OOO; C, x80,OOO; D, x80,OOO. (Fig. 3A to C) . Some EBs were still attached to the membrane of the endocytic vesicle by a cell wall protrusion ( Fig. 3B and C) . Some pear-shaped EBs were also observed in the endocytic vesicles (Fig. 3A) . The endocytic vesicles of Chlamydia strain TWAR were different from those of C. trachomatis and C. psittaci. The round EBs of the latter are usually tightly bound by the host cell plasma membrane (3, 4, 6, 8, 11, 12) .
The unique miniature bodies previously described in Chlamydia strain TWAR EBs showed no changes during attachment and endocytosis (Fig. IA and 3B) .
On the basis of these observations, we suggest the following interpretation of how Chlamydia strain TWAR attaches and enters host cells. EBs of Chlamydia strain TWAR may possess polarity, with the pointed end serving as the primary site of attachment. The organism may actively seek targets by directing the tip end toward the host cell. EBs may first attach to the microvilli or the smooth surface of host cells, but most often they attach to the microvilli because of their accessibility.
After this initial contact, the EBs rearrange their outer rnembranes to form several protruding structures which serve as anchoring sites. Unlike those of the other chlamydiae, in which the outer membrane is tightly bound to the cytoplasmic mass, the TWAR EB has a loose outer membrane which appears to facilitate its attachment and anchoring process. The reshaping of the TWAR outer membrane during attachment suggests that the membrane fluidity of TWAR is more dynamic than is that of the other chlamydiae.
If the TWAR EB attaches to the microvilli, it is transported toward the base, where it enters the host cell by an invagination process. Otherwise, the EB attaches as described above and enters the host by invagination. This process is completed when the host cell completely encircles the EB.
The unique shape of the TWAR EB and its attachment process may explain the differences in morphology of the TWAR endocytic vesicles from that of the other chlamydiae. The endocytosis of the TWAR EB would result in a vacuolar endocytic vesicle, while the engulfment of the circular C. trachomatis or C. psittaci EB would result in a compact endocytic vesicle (3, 4, 6, 8, 11, 12) .
The difference in attachment suggests that the unique shape of the Chlamydia strain TWAR EB has a biological function and is not an artifact.
